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NON-INVASIVE phot oresponse (photocurrent/voltage ,
reflectance, and transmittance) from ferroelectric
thin filnms and menory capacitors, with its strong
dependence not only on the remanent polarization,
but also on the film mcrostructure, crystal
orientation, and nature of the interfaces (state of
formation/ degradation, etc.) offers an excellent
“tool” for probing the ferroelectric capacitors at
virtually any stage of fabrication, including on-
line quality control. In fact, simultaneous
measur enent oOf spectral photoresponse and spectral.
refl ectance, as a distinctive signature of the
device probed, is an ideal, high speed, non-
I nvasi ve means of evaluation for such thin filnms at
high spatial resolution (7100 nm using beam
scanni ng. Thi s paper discusses three aspects of
such evaluation. First, the spectral transmttance
of the film as a direct function of the
m crostructure, second, the wuse of band-gap
illumnation (365 nm) to condition a fatigued
capacitor and , third, the high optical E field
Interaction wth the ferroelectric capacitor,
yieldg a high speed photoresponse which is directly
related to the remanent olarization and the
OEerationaI history(status of internal fields) of
the ferroelectric capacitor. Conbi ned, t hese
different kinds of photoresponses provide a good
signature of the device quality.




INTRODUCTION

Non-vol atil e ferroelectric menories are now in the advanced
stages of devel opnent where issues such as high-yield
manufacturability and long-term reliability are receiving
increasing attention today. The |eading inplenentation scheme'™
selected for the VLSI ferro-nenories is based on remanent
polarization within a ferroelectric capacitor, where the high speed
switching of the polarization state provides a nenory readout.

The performance characteristics (such as fatigue: | oss of
polarizability with read-write cycling, and nenory retention
Issues- (a) aging: logarithmc decay of remanent polarization with
storage time (b) inprint: the tendency of polarization to gradually
return to a previously witten state leading to bit error) of

ferroelectric MeENDry capacitors are governed by paraneters such as:

* stability of t h e electrode/ferroelectric

i nterfaces,

orientation/epitaxy/crystallization Status of the

ferroelectric film

* mcrostructure of the film conpactness, void
density, surface snoothness, grain size, etc. and

operational history.

Al though all such critical parameters |isted above are

typically attenpted to be well-controlled during the fabrication of
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the memori es, there is no suitable "tool" to conveniently and non-
destructively “probe” the nemory cells (during or after
fabrication) , with high spatial resolution and at high speed, for
their polarization behavior which in effect dictates their ultimte
performance with respect to fatigue, |lifetime, inprint, etc.
These problens are suspected to be originating due to the followng
causes:

(

a) charged nobile defects (such as oxygen vacancies) ,
(b) existence of a-axis inclusions/ 90° domain walls,

(¢c) charge injection fromthe electrodes into traps in the

ferroelectric material, and

() polarization of slow noving dipoles
Particularly fatigue is suspected to occcur because of the
screening of the applied voltage/pinning of dommins by the
accunmul ated space charge/ defects/traps. In the recent past,
significant strides have been nmade to address the issue of fatigue
with the advent of new fatigue free =ryi* naterial and
oxi de/ perovskite el ectrodes t hat provide a nmore stable
chem cal /structural tenplate for the growmh of the ferroelectric
thin film Long term retention problems such as inprint, however
continue to be a nmajor reliability inpedinent

NON- INVASIVE phot or esponse (photocurrent/voltage, refl ectance
and transmttance from ferroelectric thin filns “ and nenory
capacitors®', with its strong dependence not only on the renanent
polarization, but also on the film mcrostructure, crystal
orientation, and nature of the interfaces (state of formation /

degradation, etc) offers' just such an ideal “tool” for probing the
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ferroelectric capacitors at virtually any stage of fabrication,

including on-line quality control . In fact, sinultaneous
measur enent of spectral. photoresponse and spectral reflectance, as
a distinct signature of the device probed, is an ideal, high speed,

non-i nvasi ve neans of evaluation for such thin filnms at high
spatial resolution (“ 100 nn) using beam scanni ng. Thi s paper
di scusses three aspects of such evaluation of ferroelectric |ead
zirconate titanate (PZT) thin filns. First, the spectra

transmittance of the film as a direct function of the
mcrostructure, second, the use of band gap illunination (365 nm

to condition a fatigued capacitor and, third, the high optical E
field interaction with the ferroelectric capacitor using pulsed
lasers at 532 nm yielding a high speed photoresponse which is
directly related to the remanent polarization and the operationa

hi story (status of the internal fields) of the ferroelectric
capacitor. This high speed photoresponse promises to be an unique
non-invasive neasure of the internal fields in the ferroelectric
device as a evolving function of operation history, storage tine
and environmental history. Conmbi ned, these different kinds of

phot or esponses provide a good signature of the device quality.

EXPERIMENTAL DETAILS

PZT SPUTTER DEPCSI Tl ON

The PzT filnms were deposited by nulti-target de-reactive sputtering
of lead, zirconium and titanium sequentially on a substrate
rotating about the central axis of the chamber. The details of the

chanmber and sputtering process are discussed elsewhere'®. p variety
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of substrates, including borosilicate glass, quartz, iridiumtin
oxide (1T0) gl ass, sapphire and passivated silicon were used for the
deposi tion. No intentional substrate heating was used. The
tenperature of. the substrate during deposition was nonitored using
a thernocoupl e and was observed to stay bel ow 60°C. The sputtering
was carried out in a reactive gas mxture of high purity (99.999%

argon{inert gas) and oxygen(reactive gas) . The flow rates of Ar and
0, were independently controlled by their respective flowmeters.
The deposition routine typically consists of setting up the argon
anbi ent and presputtering the targets to clean the surface. Next

oxygen is added and the anbient stabilised. The target powers are
set and the targets conditioned. Follow ng this the shutter is
renmoved and deposition is initiated on the rotating targets.

Typi cal deposition conditions for obtaining film at the

{
morphotropic phase bOUI?éary are as follows:

Background argon pressure, p,, = (8.0 - 8.5) niorr
Sputtering pressure, P,+Py, = (8.4 - 9.0)mTorr
Titanium sputter power . 60-75 watts

Titanium sputtering current = 0.33-0.35 A
Zirconium sputter power . 20-30 watts
Zirconium sputtering current = 0.15-0.2 A
Lead sputter power = 4.0 watts

Lead sputtering current = 0.05 A

Substrate to Target distance = 11.4 cm

30-40 RPM

100-120 Alrein

Substrate rotation rate

n

Deposition rates




As deposited the films were anorphous. The conposite filmso
obtai ned was baked in an open air furnace at 525°C for one half
hour or at soo°c for two hours after attaining steady tenperature
to yield the zr rich rhombohedral phase. The surface topography
of these films was studied using a Canbridge S250 Scanning Electron
M croscope. The transmission response of these filns in the

spectral range of 200nm to 800 nm was observed using a Carey Model

5A Spectrophotometer.

SOL- GEL DEPOSI TI ON:

The sol-gel lead zirconate titanate (PZT) thin filns with a nom nal
conposi tion of (zr:52, Ti:48) were deposited by a nodified Sayer’'s
17,18

Technique on oxidized silicon substrates covered with an

evaporated Ti/pt (“1000 A/1000A) base el ectrode. The | ead
zirconate titanate (PzT) film contained ' 18% excess | ead and were
2000 A thick. Crystallization of the as deposited PZT was
acconpl i shed by annealing the filns at 550°C for 10 m nutes in
oxygen anbi ent. To conpl ete a standard sandwi ch capacitor test
structure-’, semitransparent thin filnms of platinum (~ 150A ) were
sputter-deposited as the top electrode. The top electrodes were
patterned by conventional lift-off techniques as dots of 125pm and

250um diameter. Qptical transmission through the senitransparent
top electrode films (A = 300 to 800 nm) was about 30%

BAND- GAP | LLUM NATI ON SET- UP:

Photonic probing at 365 nm was done using a short arc mer cury
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| amp as the near uv/visible (300nm to 600nm) illum nation source
with the strongest, line at 365nm isolated using a filter. The
choice of this light source to obtain maxi num photoresponse was
motivated by the bandgap val ue of pzr ~3.5ev". A custom built

liquid light guide was utilized to deliver a 5mm divergent beam

with an intensity of ‘0.1 watt/cn’ onto the sanple. A shutter
controlled by a solenoid valve allowed a pulse illumnation with a
m ni mum pul se length of about 1 sec. The effect of this

illumination on fatigued and unfatigued capacitors was observed.
The details of the set-up wutilized have been presented
elsewhere''”. The hysteris |oops were all recorded at a 500 Hz

frequency.
H GH SPEED PHOTORESPONSE SET- UP:

The high speed photoresponse neasurenents were done using an
energetic laser pulse that is capable of' heating the device. The
doubl ed output at 532 nm from a Nd-YAG pul sed | aser utilising
accousto-optic switching was utilized for this experinents. The
advant ages of utilizing an accousto-optically switched | aser over
the electro-optically switched laser*®°, in obtaining a |ow noise
response signal. free from el ectromagnetic pickup of the high
voltages (- Kv) used for electro-optic swtching, have been
illustrated elsewhere”. The incident photon energy was |ower than
the PZT bandgap (3.5 ev)'’, and was therefore weakly (c 1% absorbed
by the PZT. The |aser pulse, has a full wdth at half maxi mum

(FwaM) of ~ 1.0 ns and delivers power in the range of
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2w/ pum’ - 20 mw/um’ per pul se at 532 nmat a repeat frequency of

20 KHz. For the neasurenent of the photocurrent, the top and
bottom el ectrodes of the ferro-capacitor were connected across the
500 i nternal inpedance of an oscilloscope, which recorded the zero
bi as phot oresponse fromthe capacitor on illumnation with the
| aser pulse. The capacitor was poled positively by using a +4 V
pulse for 1 nsec or negatively by a -4 V pulse for the sane

dur ati on.

RESULTS AND DISCUSSION :
SURFACE TOPOGRAPHY & OPTI CAL TRANSM SSI ON CORRELATI ON:

The angle of incidence of the sputter deposit was a very critical
paraneter in det er m ni ng t he mor phol ogy and physi cal .
characteristics of the films. Pig. la shows the Scanning Electron
M croscope (seMm) picture of the surface of a film deposited in an
unrestricted manner, allowing all angles of deposition. This film
(type Afilm was rough, opaque, and of ceramic quality. Fig. 1b
shows the surface mcrograph of a film obtained using identical
deposition paraneters, except a collimator around each gun
restricted the deposition to a near-perpendicul ar incidence.
Transparent electro-optic quality films (type B filnm) were obtained
as a result of this restriction in the incidence angle of
deposi tion. Devices made from filns of type A were typically
inferior in quality and had poor yield (more shorts or high |eakage
resistance) conpared to those of type B.

Fig 2(a) and 2(b) are the transm ssion spectra for par with

surface topographies corresponding to fig [(a) and 1 (b
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respectively. Therefore as is well-known, the transm ssion spectra
serve as a simple screening tool for filnms with high surface
roughness and high optical scattering fromthe filnms with good

optical transmssion quality.

EFFECT OF BAND- GAP LI GHT | LLUM NATI ON ON FERROELECTRIC MEMORY
DEVI CE
Figure 3(a) shows the effect of band-gap light (365 nm

illumnation on a fresh unfatigued ferroelectric menory capacitor.

The dotted hysteresis loop is the one with no illumnation and the
solid line exhibits the hysteresis loop with illumnation (10 sec
pul se of 365 rim. It clearly shows that the 365 nmillum nation

causes the hysterisis loop to shift along the Y-axis and also there
is a marked bloomng of the hysteresis loop. Earlier ™' we have
reported on the generation of a photovoltage/photocurrent due to
such illumnation for the duration of the Iight pulse. The figure
3(b) shows a simlar | comparison of the “with’ and ‘wthout’

I llumnation states of;&ﬁysteresis | oop for this nenory capacitor
fatigued to ~10°cycles. However, in both these cases when the
illumnation was renoved the hysteresis |oops reverted back to
their original unillumnated status. This suggests that the
unfatigued capacitors and mldly fatigued capacitors primarily show
only a reversible photoinduced change. Figure 4 illustrates the

effect of the 365 nmillumnation on the ferroelectric capacitor

fatigued to 10" cycles. Figure 4(a) is the loop for the fresh
unfatigued capacitor, Fig 4(b) is the capacitor fatigued to 10"
cycles, Fig 4(c) is the loop just after turn-off of illumnation
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and figure 4(d) is the loop in the steady state 5 hours after turn-
off. The tenporal nature of the enhancement of the hysteresis |oop
in terns of remanent polarization suggests the existence of traps
with different time constants. Progressively the cycling of the
menory capacitor causes evolution of free space charge and defects
that progressively fill up the trap sites. [11um nation induced
charge pairs could either reconbine with the free space charge or
cause enptying of the filled traps or cause both effects. The net
result is to giveg rise to the observed”® steady photocurrent for
the duration of the illum nation. This leads to renoval of the
| ocal screening fields due to the space charge and/or unpinning of
domai ns pinned by the traps and hence a recovery of the fatigued
state by regaining the loss of polarization. Simlar observation
of recovery fromfatigue by uv illumnation has been made by Warren
et al’® and Lee et a1?. Additionally, figure 3 and 4 show that.
fatigue causes an increase in the coercive voltage suggesting
formation of a non-ferroelectric (resistive) interface/surface
layer in the ferroelectric Menory capacitor. [t is interesting to
note that the bandgap illum nation either has no effect on the
coercive voltage or in the fatigued cases causes a slight increase
In the coercive voltage suggesting that the re-distribution of the

charges could lead to a net increase of the resistive |ayer.
H GH SPEED PHOTORESPONSE RESULTS :

A bi polar high speed photoresponse i S obtained from freshly nade

capacitors for positive and negatively poled states respectively at
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| aser pul se power of 2mW/um’ - 20 mW/um’. The unipolar response
observed earlier® was specifi ¢ to the LSCO PZT\LSCO capacitors
observed and was probably caused due to the presence of a
rectifying junction in series wth the ferroelectric capacitor.

This was also evident in a marked shift of the hysteresis |oops of

t hose capacitors along the Y-axis such that it was |ocated
entirely in the negative quadrants. Figure 5 shows a conparison of
t he high speed photoresponse fromthe unfatigued and fati gued
states of the nemory capacitor (pt/pzT/Pt) . The capacitance of the
unfatigued state was 2.4 nF and the capacitance of the fatigued
state was 1.3 nF. Figure 6 shows the correspondi ng hysteresis
| oops for the unfatigued and fatigued states of the nenory
respectively. The ratio of the unfatigued remanent polarization to
the fatigued remanent polarization as determned from the
hysteresis |oops is identical to the ratio of the corresponding
area under the peaks of the photoresponse signal for unfatigued and
fatigued case. This clearly shows that the area under the
phot or esponse signal is proportional to the remanent polarization
of the menory capacitor. Also the area under the photoresponse
signal is interpreted®®!® as being proportional to the ap, the net
shift in the dipole noment due to the incidence of energetic |aser
pul se onto the capacitor. The area under the photoresponse peak
therefore provides an excellent non-invasive, quantitative measure
of remanent polarization. Also we observe that the speed of the
photoresponse is directly dictated by the device capacitance and
hence the photoresponse is expected to becone faster with reducing

ferroelectric pi xel size, allow ng very high speed non-invasive
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nmeasure of the nenory state for the high density nenories. The
illumnation pulse is non-invasive. The change AP is followed by
an equi val ent -Ap so that that there is no net change in the
remanent polarization, p, as verified by crosschecking using the
conventional pulse sw tching nmeasurenment (pro) . Also , it was
verified that the remanent polarization did no change for over 10°
| aser pul se readout cycles. Measurenment of the photoresponse as a
function of frequeny shows that the anplitude of the response
saturates for frequencies lower than 10 xhz suggesting that the

response attains its maxi rum value at 100 usec.

The mechanism™® by which the shift ap occurs could be
pyroelectric (thermally triggered, associated wth tenperature
change within the PZT) , piezoelectric (due to propagation through
PZT of an acoustic deformation wave, initiated by a sudden thernal
expansi on of the platinumtop electrode) , or optical. rectification
(due to interaction of the E-field associated with the incident
photons and the internal fields within the ferroelectric.
Experiments on twin capacitors to test the possibility of
piezoelectric effect suggest that the piezoelectric contribution is

relatively snall

Furthermore we find that the photoresponse has a dependence
on the history of the nenory capacitor. Fig 7 illustrates how the
hi gh speed photoeffect sensitively reflects the polarization
hi story of the ferroelectric capacitor. A history has beeen

I nduced in an accel erated mannerby applying a unidirectional
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vol tage for extended duration of 10 sec. The figure shows that
the conventional pulse polarization destructive read-out (pro)
merely exhibits a slight asymmetry as a reflection of the history.
In contrast, the high speed photoresponse shows an overall change

. L .
from bi pol ar to unipolar response and therefore:iused directly for

/!

detecting t he oper ati onal / envi r onnent al hi story of the

ferroelectric Mmemory non-invasively. This result may_be of

photoresponse signal in adddition to its dependence on remanent
polarization is also dependent on the evolving internal fields
within the ferroelectric (i.€. is the optical rectification
effect) and thereby provides a measure of the internal screening
fields w thin the ferroelectric., Such neasure is not available as
directly and non-invasively by conventional electrical techniques.
The guestion now worth addressing is how these results could be
exthm,Mmmwmn
effects with the photoresponse for reliability screening of such
memories.,
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SURFACETOPOGRAPHY OF
JPRL SEQUENTIAL, REACTIVE, MAGNETRON,

SPUTTER DEPOSITED PZT
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EFFECT OF BANDGAP ILLUMINATION
JPL COMPARISON UNFATIGUED
AND FATIGUED STATE

|
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FATIGUED, 108 CYCLES

DOTTED LINE - WITHOUT ILLUMINATION
FULL LINE - WITH ILLUMINATION
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| EFFECT OF BANDGAP ILLUMINATIO
N
JPL | ON FATIGUED CAPACITOR
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HYSTERESIS LOOPS (1 kHz)
JPL FATIGUED AND UNFATIGUED
STATES COMPARISON
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JPL PHOTORESPONSE: PROBING FOR
"HISTORY" OF THE FERROELECTRIC
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SBL

High Speed Photoresponse Analysis

Poli ng Ratio:  Unfatigued Polarization Ratio: Arequnder peak. unfuuiyued
P0|arity Fatigued Polarization Area under peuk | fuliyued
determined by hysteresis loop |determined by photoresponse
positive 2.57 2.57
negative 2.62 2.65




